Aluminium metal matrix composites has gained importance in recent time because of its improved mechanical and metallurgical properties. The welding of aluminium metal matrix composites using conventional welding process has got many demerits so in order to overcome them a solid state welding process is to be employed. To achieve a good strength, weld in the aluminium metal matrix composite bars an efficient and most preferred technique is friction welding. In this work the aluminium metal matrix composite AA7075 + 10 % vol SiC-T6 is selected and friction welded. The combination of friction welding process parameters such as spindle speed, friction pressure, upset pressure and burn-off-length for joining the AA7075 + 10 % vol SiCP-T6 metal matrix composite bars are selected by Taguchi's design of experiment. The optimum friction welding parameters were determined for achieving improved ultimate tensile strength and the hardness using grey relational analysis. A combined grey relational grade is found from the determined grey relational coefficient of the output responses and the optimum friction welding process parameters were obtained as spindle speed -1200 rpm, friction pressure -100 MPa, upset pressure -250 MPa, Burn-off-Length -2 mm. Analysis of variance (ANOVA) performed shows that the friction pressure is the most significant friction welding parameter that influences the both the ultimate tensile strength and hardness of friction welded AA7075 + 10 % volSiCP-T6 joints. The fractured surface under microstructure study also revealed good compliance with the grey relational grade result.
INTRODUCTION
 Aluminium alloys are employed in the aerospace, automotive and marine applications because of its good strength to weight ratio. Among the aluminium alloys, AA7075 alloy is the one, which has got good mechanical properties as it is strengthen by the precipitate MgZn2 and Mg3Zn due to the presence of Mg and Zn in it. Low density, good cryogenic property and good response to age hardening have attracted this alloy in the fabrication of military vehicles, storage tanks, naval and marine applications.
Aluminium Alloy metal matrix composites (AA MMCs) reinforced with ceramic particles merge the properties of the matrix with those of the ceramic reinforcement and exhibit superior properties like higher specific strength and good thermal stability when compared to the corresponding monolithic alloys [1] . However, the application of AA MMCs as structural materials has been narrower due to the demerits of the conventional welding process in making the welded joints. The foremost problem is that the aluminium matrix and its alloying elements (e.g. Mg, Ti) have a greater affinity towards the ceramic particles when the temperature of the joining process elevates above the melting point of the matrix alloy and as a result the embrittlement of the matrix alloy and decrease in the reinforcement and matrix strength occurs [2] . Therefore, the heat input must be kept as low as possible when joining these materials and hence the conventional fusion welding process cannot be used for effective welding of the AAMMCs. The solid state welding process like friction welding can be effectively used for welding AAMMCs as its welding temperature falls well below the melting point of the matrix metal thereby avoiding the problems associated with the fusion techniques [3, 4] . Among the available solid state welding process friction welding process is an efficient and environmental friendly because of non-requirement of filler material or flux as a result no hazardous fumes are produced. During joining of two parts using friction welding process one part will be kept stationary while the other part will be rotating by rubbing the stationary part with initial friction pressure to produce heat in the interface. When the heat between the interface reaches the welding temperature, then the rotation of the workpiece should be stopped and final upset pressure is to be applied to complete the welding process.
In the friction welding process good quality of joint produced between the two rubbing surfaces can be achieved mainly by controlling the process parameters like Spindle Speed (SS), Friction Pressure (FP), Upset Pressure (UP) and Burn-off-length (BOL) [5] . The Ultimate Tensile Strength (UTS) and the Hardness (HD) of the welded joint plays a predominant role in deciding the weld quality. The Taguchi's DOE is an influential tool in quality optimization [6] . Taguchi's technique makes use of a special design of orthogonal array (OA) to study the required characteristics through a minimum number of experiments. Grey relational analysis is a simple and powerful statistical tool used for multiple objective performance characteristics to obtain the best parameter combination [7 -9] .
In this paper grey relational analysis is used to predict the optimum combination of the friction welding process parameters to achieve good UTS and HD during welding of AA7075 + 10 % vol SiCP-T6 composite.
MATERIAL PREPARATION AND FRICTION WELDING
Aluminium alloy AA7075 was selected as a matrix material whose chemical composition is given in the Table 1 and for reinforcement ceramic material SiC particulate was selected [10] . The AA7075 + 10 % vol SiCp-T6 metal matrix composite was prepared using the stir casting method. The microstructure of the specimen in Fig. 1 ., shows the uniform distribution of the composite particles in the metal matrix aluminium alloy AA7075 + 10 % vol SiCP-T6. Friction welding on the cast rods of AA7075 + 10 % vol SiCP-T6 had been done on the continues drive friction welding using the Taguchi's L27 orthogonal array framed by taking the four process parameters such SS, FP, UP and BOL with three level in each of them [11] as shown in the Table 2 . The samples were then friction welded as per the Taguchi's L27 orthogonal array shown in the Table 3 . As the application of AA7075 is predominantly found in the marine environment, to predict the strength of the friction welded joints tensile test was conducted. In the course of marine application, the material will be subjected to corrosion and as the hardness of the material got a direct impact on the resistance towards corrosion the hardness test was performed on the friction welded joints.
The welded samples were machined as shown in Fig. 2 . along its axis according to ASTM B557M standard size. The ultimate tensile strength was predicted using the tensile test machine with the make of associated scientific engineering works having 5 ton loading capacity and integrated with digital encoder. The fractured specimen after the tensile test is shown in Fig. 3 . The Vickers microhardness tester of Wilson Wolpert make with loading capacity ranging between 10 g to 1 kg was used. The Vickers's hardness in the weld centre was measured after etching using Keller's reagent on the mould obtained by cutting the welded specimen along its radius in the welded zone as shown in Fig. 4 . All the values of ultimate tensile strength and the hardness are tabulated in the Table 3 . 
Regression equation
Regression equation is the mathematical model developed to predict the output parameter through input parameters. The regression equation for the UTS and HD values were developed using the friction welding process parameters SS, FP, UP and BOL using the values in Table 3 and shown in Eq. 1 and Eq. 2. 
GREY RELATIONAL ANALYSIS
Grey relational analysis is one of the most powerful statistical analysis tool for solving problems with complex correlations and multiple factors and variables [12] . Here the concept of solving is based on combination of all the contributing attributes into a single combined attribute [13] . Thus a problem is reduced to a single objective decision making problem [14] . Grey relational analysis based on Taguchi's design of experiments is used to obtain optimised characteristic process parameters for any problem [15] .
Here grey relational analysis was used to obtain the optimum process parameters for the friction welding process on aluminium metal matrix composite (AA7075 + 10 % vol SiCP-T6). The influencing parameters for the process were selected and various levels of input characteristics were considered [16] . Initially the multiresponse characteristics was normalised into a single attribute to obtain the grey relational coefficient (τ) and eventually the grey relational grading (δ) [17] . Once the grey coefficient was obtained, the parameters were analysed both theoretically by ANOVA and experimentally [18] . The congruence between the two provides the conformation of the optimum parameters. The GRA process is explicitly explained through flow chart shown in Fig. 5. 
Normalizing the results
The raw data obtained through experimentation is suitably converted through normalizing for performing grey relational analysis. The normalizing of the objective functions is essential for combining the various objectives with different units to obtain a single objective function. Therefore, a linear normalisation of the experimental results hardness and ultimate tensile strength obtained for the friction welded AA7075 + 10 % vol SiCp-T6 metal matrix composite was performed in the range between 0 and 1. A higher normalized values infers betterment in the performance. The optimum normalized result would be equal to 1 and the normalisation is done through Eq. 3. The normalised value of the ultimate tensile strength and hardness is shown in column 4 and 5 of Table 4 respectively. 
where, is the normalized value; -the x th experimental results in the y th experiment.
CALCULATION OF GREY RELATIONAL COEFFICIENT
The grey relational coefficient was calculated using Eq. 4 to know the actual variation between the normalised result and the ideal result. The higher value of grey relational coefficient infers that the normalised result is closer to the ideal result. The distinguishing coefficient's purpose is to vary the range of the grey relational coefficient and therefore this can be adjusted based on the requirement. Although different distinguishing coefficients would yield different result but the rank of the all the grey relation coefficients obtained using distinguishing coefficients would remain the same. The value of the grey relational coefficients is listed in column 6 and 7 of Table 4 .
where, is the grey relational coefficient; 0 is the ideal normalized result for the x th performance characteristic; λ is the distinguishing coefficient, (0 ≤ λ ≤ 1) for this study λ = 0.5.
Computation of grey relational grade
Grey relational grade is the average of the grey relational coefficient for each performance characteristic. The Grey Relational Grade for each experiment had been found out by performing L27 orthogonal array using the Eq. 5 and the values obtained are listed in column 8 of Table 4 . The grey relational grade predicts about the significance of each performance characteristic on the output of the experiment. Also this would give us an insight about the optimum level of these multiple performance parameters in order to get the best possible output. Greater value of grey relational grade indicates a stronger relationship between the parameters and also that the experimental results are closer to the ideal results.
where, δ y is the grey relational grade for the y th experiment; z is the number of performance characteristics.
Determining the most significant process parameter
The parameter which affects the responses in the experiment based on the average grey relational grade at various levels had been determined by finding the difference between maximum and minimum values of the grey relational grade. Higher this difference indicates higher significance of the particular performance parameter on the output result of the experiment and it is clearly shown in Table 5 . The friction pressure was found to be the most significant friction welding process parameter during friction welding of AA7075 + 10 % vol SiCP-T6 metal matrix composite. 
Confirmation
It is essential to predict and to verify the improvement of the performance characteristics using the optimum level of machining parameters that is obtained in the previous step using the Eq. 6.
Predicted grey relational grade:
where, is the mean grey relational grade; is the mean grey relational grade at optimum level; n is the number of parameters that significantly affect the multi performance characteristics.
ANALYSIS OF VARIANCE (ANOVA)
The statistical tool used to determine the impact of the parameters on the process performance is the analysis of variance [19] . Variance is the measure as to find how every individual widely vary in a group. The analysis of variance provides the contribution of each parameter towards the inappropriate performance [20] . This is done by incorporating the sum of squares method, where Sum of Squares (SS) is the sum of squared differences from the mean of the grey relational grade( ). The Total Sum of Squares of grey relational grade (TSS) can be calculated from:
where, TSS is the total sum of squares; K is the number of experiments in the orthogonal array; is the mean grey relational grade for the k th experiment. The Mean Sum of Squares (MSS) is the ratio of SS of each parameter to the degree of freedom of that particular process parameter. The mean square is also found for the Sum of Squares of error (SSE), which is a part of the total SS. Further the F-Test (Fisher's test) is used to find which parameter has the most significant effect on the process performance [21] . The parameter with large F value has the most significant value [22] . The ANOVA result is shown in Table 6 . The results of the analysis of variance shows that the most significant factor is Friction Pressure (FP).
Confirmation experiment
The result of the ANOVA provides the significant parameters and contributions. The response table provides the optimum working parameters, based on the values of the grey relational grade. The obtained optimum parameters are experimentally verified and validated using the estimated grey relational grade using the Eq. 8 and it is shown in Table 7 .
where, is the total mean of grey relational grade; ̅ is the mean of the grey relational grade at the optimum level.; q is the total number of significant parameters that affect the process performance.
The values of the output parameters for the best result obtained from the grey relational grade in Table 5 are compared with optimum result as predicted from Table 7 . The optimum combination of the parameters was found to be A1B3C3D2. The predicted result is experimentally validated and deviation was found to be within the acceptable range. 
RESULTS AND DISCUSSION
When the welded AA7075 -10 % vol SiCP reinforced metal matrix composite materials are subjected to tensile loading, the distributed particles will be receiving the stress. As the stress value develops around the particles, it reaches a critical value after which the particles will be unable to withstand the stress and it fractures or gets decohesion from the aluminium metal matrix. This mechanism creates internal defects leading to increase in the voids causing in reduction the ductility of the material. In tensile test the gauge length of the specimen undergoes uniform deformation but during hardness measurement in the welded metal matrix composite the localized region below the indenter where the concentration of SiCP is high due to the friction welding effect only gets plasticized. When the indenter load gets applied on the SiC particle, they do not experience the fracture as in the case of tensile test resulting in a strengthening effect and that gets reflected in the hardness value. So only variation in linear relationship between the UTS and hardness value is seen in the friction welded metal matrix composite which is in contrast with that of the monolithic material [23] .
MICROSTRUCTURE
The microscopic image of the weldment produced under optimized friction welding parameter is shown in Fig. 6 . Unlike the non-welded AA7075 -10 % vol SiCP-T6 during the friction welding process the SiC particles in the weld zone breaks down to smaller size [24] and get distributed all over the weld zone thereby increasing its strength and at that same time in some region agglomeration of the SiC particles will also take place eventually causing increase in hardness. To predict the type of failure of the fractured surface of the friction welded AA7075 -10 % vol SiCp-T6 with the optimised process parameters, Scanning Electron Microscope (SEM) study had been applied. It had been predicted that the fractured surface in the Fig. 7 . shows dimples and cleavage to represent ductile-brittle failure and it is in supportive with the objective to achieve high ultimate tensile strength and hardness. As the optimized friction welding parameters are having higher levels of friction pressure and upsetting pressure, work hardening happens in the weld zone because of which it has been observed that percentage increase in hardness value is found to be more when compared with that of percentage increase in UTS value [25] . Fig. 8 . shows the SEM image of the fractured surface of specimen (Ex.No.7) which has given high UTS value, shows a ductile failure as shallow dimples are seen. The SEM image of the fractured surface of specimen (Ex.No.26) which has given low UTS, has predominantly shown larger dimples with more cleavages confirming a brittle failure and it is shown in Fig. 9 . 
CONCLUSIONS
From this work, it has been firmly proved that the grey relational analysis is the effective optimisation tool for friction welding of the AA7075 -10 % vol SiCP-T6 welded joints. The following were the results obtained: 1. It had been found that the optimal combination of friction welding process parameters for combined objective of enhanced UTS and HD through grey relational analysis is spindle speed 1200 rpm, friction pressure 100 MPa, upset pressure 250 MPa, burn off length 2 mm. 2. An impressive improvement in hardness by 20 % and in ultimate tensile strength by 13.78 % was observed. 3. The SEM image of the fractured surface also revealed good compliance with objective by showing ductilebrittle failure. 4. This research work proves that using grey relational concept for optimising multi response problems yields best result as the difference between the predicted value and experimental value is found to be very less. 5. Analysis of variance proved that the friction pressure is the most significant parameter for friction welding AA7075 -10 % vol SiCP-T6 joints by contributing about 74%, followed by upset pressure about 22.7 %.
